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Materials and Methods:  
 
We combined conductivity, temperature, depth (CTD) profiles from seven publicly available 
databases (Tab. S1) and mapped the properties of ASBW, WW, CDW and their associated trends 
since 1975.  Due to limited data (Fig. S1) in this remote area, not all regions resolve the same 
period (Fig S2).  Duplicates were avoided by checking for repeat profiles within 5 km and 25 h, 
allowing for rounding errors in latitude, longitude and time.  In the rare case that 2 or more CTD 
casts were made within these temporal and spatial scales, we treat them as duplicates and only 
use one.  When duplicate profiles were identified, the profile with the best vertical resolution was 
used.  Profiles with a vertical resolution coarser than 20m were rejected; this filter is not applied 
to float data.   
ASBW is defined using the deepest measurement in profiles within 30m of the bottom, or, in the 
absence of CTD altimeter data, within 150m of the ETOPO-1 bathymetry (29).  This depth 
provides an estimate of uncertainty for the mapped bathymetry, since 5% of profiles exceed the 
bathymetry by up to 150 m.  The cores of WW and CDW are defined by the conservative 
temperature (Θ) minimum below 40 m and the Θ maximum below the minimum, respectively.   
ASBW data are mapped onto a 0.25°x0.125° grid for bathymetry shallower than 1500 m, while 
CDW and WW are mapped on a 0.5°x0.5° grid for bathymetry deeper than 1500 m.  We apply 
the ETOPO-1 bathymetry for our analysis (29).  For each grid point in our maps, the horizontal 
distance to data positions is derived by a Fast Marching algorithm (13).  The algorithm uses a 
300 m scaling in bathymetry difference and a minimum propagation of 0.1 on a 18x18 km grid 
for the speed map.  This algorithm determines the along-path distance between the grid point to 
be mapped and data locations, including distance penalties for moving across bathymetry with 
different depths.  Over the continental slope, the mapping is predominantly along bathymetric 
contours.  Over flat bathymetry, the algorithm would result in a circular region of influence, 
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however over rough, highly-variable terrain, the distances may be significantly longer in some 
directions (Fig. S7, S8).  Only data at locations that can be reached with this marching algorithm 
are used.   
 
Data are normally-weighted using an along-pathway horizontal scaling of 400 km. A vertical 
scaling of 200 dbar is applied for ASBW, but no vertical weighting is applied for WW and 
CDW.  The vertical weighting for ASBW allows us to better differentiate ASBW properties and 
trends in troughs, canyons and other small-scale features on the shelf, which are not resolved in 
the ETOPO-1 data set (29).  As a final step before mapping, an interquartile range (IQR) filter is 
applied to all parameters.  Values more than twice the IQR below the first quartile or more than 
twice the IQR above the third quartile are rejected.  We then apply a weighted least-squares 
linear model (30) (LOESS) at each grid point to all data with positive weights larger than 10-3.  
The model removes linear fits for longitude and latitude in the fast marching-derived coordinate 
system (13) as well as in depth for the shelf mapping.  This LOESS model is used to determine 
the mean state and temporal trend of water mass properties.  The spatial trend removal in the Fast 
Marching derived coordinate system accounts for across and along slope gradients for any 
resolved bathymetry (Fig. S7).   
 
Statistically significant are trends that are larger than twice the ‘estimated standard error’ of the 
least squares solution.  The 5-yr median properties of ASBW (Fig. 1E, F, S3, S5) are computed 
from the difference between raw data and the mapped properties, offset by the median mapped 
temperature and salinity. 
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Table S1. Data sources of used CTD data 
 
Name Website Date 
accessed. 
Comment 
Argo floats http://argo.ucsd.edu 05/2012 All data flagged good 
World Ocean 
Database 
http://www.nodc.noaa.gov/OC5/W
OD09/pr_wod09.html 
05/2013 All CTD data flagged 
good or probably 
good 
Hydrobase 3 http://www.whoi.edu/science/PO/hy
drobase/ 
06/2013 All CTD data used 
Cliver and Carbon 
Hydrographic 
Database 
http://cchdo.ucsd.edu/ 01/2013 All CTD data 
available in netCDF 
format 
Southern Ocean 
Database 
http://woceatlas.tamu.edu/Sites/ 
html/atlas/SOA_DATABASE.html 
05/2013 All CTD data used 
British 
Oceanographic 
Database 
https://www.bodc.ac.uk/ 06/2013 All data CTD flagged 
good 
Pangaea database http://www.pangaea.de/ 05/2013 All Polarstern CTD 
data publically 
available 
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Fig. S1. Data coverage for each decade.  A, Profile location from the period 1975–1979 and 
position of Antarctic Circumpolar Current fronts.  B-E, similar to (A) for the successive decades.  
The individual years for each period are color-coded from blue (year 0) to red (year 9).  Fronts 
(28) related to the ACC are shown as black lines. 
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Fig. S2. Data density.  A, Time span of linear trend computation for CDW and WW.  B, similar 
to (A) for the bottom water analysis on the shelf.  C, sum of weights used in Gaussian LOESS 
mapping at each grid point.  D, similar to (C) for the on shelf bottom water analysis.  Fronts (28) 
related to the ACC are shown as black lines. 
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Fig. S3. Area extent and location of data used for the 5-yr bin average in Fig. 1E,F.  Profile 
location from the period 1975–2012 for selected areas around Antarctica.
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Fig. S4. Locations and distance weighting. Weights for LOESS mapping for the 6 regions used 
in Fig. 2G.  The bathymetry-following mapping scheme does not include data from the shelf and 
reduces the weights rapidly under changing bathymetry.  The center locations are assigned a 
weight of one with a Gaussian decay and a half folding scale of 400km.  Fronts (28) related to 
the ACC are shown as black lines. 
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Fig. S5. Temporal data distribution as used for selected ASBW regions. Profile year and month 
of data for the 5 selected regions as shown in Fig. S5.  These data are used for the 5-yr binned 
averages and inter quartile ranges in Fig. 1E,F. 
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Fig. S6. Temporal data distribution as used for selected CDW regions.  Profile year and month of 
data for the 6 selected regions as shown in Fig. S6.  These data are used for the 5-yr binned 
averages and inter quartile ranges in Fig. 2G. 
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Fig. S7. Fast marching distances on the Antarctic shelf for selected shelf locations.  The large 
circles indicate a circular influence region with contour spacing of 100km.  Small circles indicate 
the locations reached by the fast marching algorithm and the assigned distance, using the same 
color coding as the large circles.  The mapped regions are (A) the west Antarctic Peninsula, (B, 
C) the south western Weddell Sea for different locations, (D) the Cosmonaut Sea, (E) the Ross 
Sea and (F) the Amundsen Sea. 
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 Fig. S8. Fast marching derived distances around Antarctic for selected continental slope 
locations.  The large circles indicate a circular influence region with contour spacing of 100km.  
Small circles indicate the locations reached by the fast marching algorithm and the assigned 
distance, using the same color coding as the large circles.  The mapped CDW regions are (A,B) 
Bellinghausen Sea, (C,D) Weddell Sea, (E) Amundsen Sea and (F) Ross Sea. 
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Fig. S9.  Raw data distribution and trends for selected locations. Red lines indicate the trend 
(solid line) as well as uncertainty in the trend (dashed line).  Uncertainties are given as twice the 
standard error.  The trend is regarded as significant if it is larger than twice the standard error of 
the trend.  Each circle is a data point, the size of the circle indicates the weight for the final 
mapping, using horizontal and vertical scaling (Fig. S7, methods).  The regions are (A) 
Bellinghausen Sea, (B) Amundsen Sea – significant trend, (C) Amundsen Sea – non significant 
trend, (D) Ross Sea and (E) Weddell Sea. 
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Fig. S10.  Similar to Fig. 1C, D but for trends of ASBW using only data since 1990.  Some areas, 
like the Weddell Sea shelf have very poor data coverage in recent decades, and trends shown 
might not represent the longer term change during this period, see Fig S1, S2, S5 for data 
coverage.  Fig. 1C, D represent the ASBW long-term changes. 
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Fig. S11.  Similar to Fig. 2 D–F but for trends of CDW using only data since 1990.  Although the 
basic patterns are similar to those with data since 1975 (Fig. 2D–F) treat trends over this shorter 
time period with caution, see Figs. S1, S2, S6 for data coverage.  Fig. 2D–F represent the CDW 
long-term changes.  Fronts (28) related to the ACC are shown as black lines. 
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